After the Ice Age: The Impact of Post-Glacial Dispersal on the Phylogeography of a Small Mammal, Muscardinus avellanarius by Combe, FJ et al.
ORIGINAL RESEARCH
published: 21 June 2016
doi: 10.3389/fevo.2016.00072
Frontiers in Ecology and Evolution | www.frontiersin.org 1 June 2016 | Volume 4 | Article 72
Edited by:
Angela McGaughran,
Australian National University, Australia
Reviewed by:
Jonathan J. Fong,
Lingnan University, Hong Kong
Rodrigo A. Torres,
Universidade Federal de Pernambuco,
Brazil
Katy Morgan,
University of New Orleans, USA
*Correspondence:
W. Edwin Harris
e.harris@mmu.ac.uk
Specialty section:
This article was submitted to
Biogeography and Macroecology,
a section of the journal
Frontiers in Ecology and Evolution
Received: 29 January 2016
Accepted: 06 June 2016
Published: 21 June 2016
Citation:
Combe FJ, Ellis JS, Lloyd KL, Cain B,
Wheater CP and Harris WE (2016)
After the Ice Age: The Impact of
Post-Glacial Dispersal on the
Phylogeography of a Small Mammal,
Muscardinus avellanarius.
Front. Ecol. Evol. 4:72.
doi: 10.3389/fevo.2016.00072
After the Ice Age: The Impact of
Post-Glacial Dispersal on the
Phylogeography of a Small Mammal,
Muscardinus avellanarius
Fraser J. Combe 1, Jonathan S. Ellis 2, Kirsty L. Lloyd 2, Bradley Cain 1, C. Philip Wheater 1
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We used genetic tools to assess phylogeographic structure of the common dormouse
(Muscardinus avellenarius) since the end of the last glacial maximum, to identify
post-glacial dispersal routes and to describe population units for conservation.
Comparative analysis of mitochondrial genes (Cytochrome b, 704 bp, D-loop, 506 bp)
and one nuclear gene (Beta-Fibrinogen, 550 bp) was conducted to reconstruct the recent
demographic history within and between UK and continental European populations. Our
analysis indicated phylogeographic variation in the UK is similar in magnitude to that
found in other regions of continental Europe and suggests a recent population expansion.
We present evidence which supports a single post-glacial colonization into the UK.
Dispersal time calculations, calibrated with geophysical events, are coincident with the
start of the Holocene period, 7.5–11 kya, a time when geological evidence suggests
temperatures were stable, woodland habitat was prevalent and a land bridge was present
to allow the dispersal of small mammals into the UK. We discuss our findings in the
context of the extant geographical genetic structure described here and in relation to
conservation management of this threatened species.
Keywords: phylogeography, common dormouse, genetic structure, conservation genetics, postglacial
colonization
INTRODUCTION
The phylogeographic structure of many species within the Northern hemisphere is thought to have
been shaped by climatic changes and glacial episodes 126–25 kya, during the Late Pleistocene
(Webb and Bartlein, 1992; Hewitt, 2004). This period was characterized by extreme climatic
fluctuations, which had a major role in shaping contemporary biogeography (Emerson and
Hewitt, 2005). There is evidence that when climatic conditions were relatively extreme during the
Pleistocene ice ages, temperate species in continental Europe were displaced to southern areas, for
example to refugia in the Iberian and Apennine peninsulas, and the Balkan regions (Hewitt, 2004;
Teacher et al., 2009). In order to understand how evolutionary processes have shaped biodiversity,
it is useful to study how historical range contractions and expansions, potential admixture between
lineages, and associated genetic processes have influenced current spatial patterns of this diversity.
A modern approach to investigate the evolutionary history of species is to interpret molecular
phylogenetic data in the context of climatic and environmental changes (Franks and Hoffmann,
2012).
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While the impact of post-glacial colonization routes from
refugia are thought to have defined the biogeography of most
extant species in temperate regions, for themajority of species the
details remain debated or merely unknown (Hewitt, 1996, 2004;
Willis and Whittaker, 2000). Phylogeographic studies allow us to
make inferences on historical dispersal routes; in the case ofmany
European species, the hypothesis of post-glacial expansion from
refugia found in southern areas of continental Europe is generally
supported (Hewitt, 2004). Fossil records indicate that many
species were found in lower latitudes where climatic conditions
were not as extreme (Provan and Bennett, 2008). However,
there are several competing hypotheses proposed for the specific
details and timing of post-glacial expansion of plant and animal
species during the last glacial maximum (LGM), specifically
in relation to colonization of the UK. There is evidence that
species only dispersed from lower latitudes of continental Europe
as glacial ice retreated, at the end of the Pleistocene (e.g.,
the timing of dispersal of cold-tolerant Lusitanian plants is
coincident with this period, Beatty and Provan, 2013, 2014). As
such there is consensus that species dispersed into Northern
regions and the UK from 23 kya onwards as glacial ice caps
retreated and tundra steppes were no longer frozen. The Early
Migration Hypothesis (hereafter, EMH) posits dispersal prior to
the Younger Dryas period (12.6–11.7 kya; Herman and Searle,
2011). Species migrating at this time must have been more
cold tolerant and able to survive the colder conditions of the
Younger Dryas period (Stewart et al., 2010; Montgomery et al.,
2014). The Late Migration Hypothesis (hereafter, LMH) predicts
that species may have not dispersed and colonized Northern
regions of Europe until a warmer time period, the Holocene (11.5
kya). Evidence is equivocal for LMH and EMH predominantly
affecting modern European biodiversity for species studied so far
(Montgomery et al., 2014).
Regarding the UK, there is evidence a land bridge connecting
continental Europe and the UK was present during the Holocene
period (23 kya to approximately 7.5 kya) until sea levels rose
significantly and separated the UK from continental Europe
(Sturt et al., 2013). This land bridge is thought to have acted
as an important mechanism for the dispersal of different
species into the UK (Montgomery et al., 2014). The specific
ecological requirements of different species (e.g., food resources
and suitable habitat) are thought to have driven the route and
timing of expansion into new areas (Lesbarrères, 2009). Range
expansion by many modern species has been proposed to have
occurred during a single post-glacial event. However, there is
not clear evidence supporting a single source of the hypothesized
dispersal. For example, there is evidence that some species share
a most recent common ancestor with populations in Eastern
Europe, such is the case in the pygmy shrew (Sorex minutus;
Vega et al., 2010) and the pool frog (Rana lessonae; Zeisset and
Beebee, 2001), while other species appear to have originated
from Western European populations, such as the common frog
(R. temporaria; Teacher et al., 2009). Alternatively, water voles
(Arvicola terrestris) show English and Welsh haplotypes nested
within Eastern European clades from Iberian refugia and Scottish
haplotypes nest within aWestern European clade (Piertney et al.,
2005), suggesting multiple episodes of colonization. While the
timing of these recolonization events are poorly understood,
advances in phylogenetic methods allow us to calibrate species or
population divergence, in conjunction with historical geological
and fossil data, with much greater precision (Hewitt, 2000;
Herman et al., 2014). Thus, justifying the fossil record with
estimated divergence time of genetic lineages is a powerful
approach for understanding modern biogeographical patterns.
Here, we investigate the phylogeographic pattern of dispersal
of the common dormouse, Muscardinus avellanarius, into the
UK. The common dormouse has been described as a “small,
elusive nocturnal mammal” (Bright et al., 2006), which naturally
occurs at low population densities and exhibits arboreal behavior
(Bright et al., 1994; Juškaitis, 2003). Dormice are thought to
have narrow habitat requirements related to woodland habitat
complexity, for example, features such as mature shrubs or hazel
coppice stands, and food availability such as the presence of hazel,
honeysuckle, and bramble (Bright et al., 2006). As such, they are
important as a bio indicator of ancient woodland health (Morris,
2003). Because of the empirical observation that dormice have
a limited range associated with such habitat requirements, it
is thought they have a relatively small ecological window for
dispersal (Mortelliti et al., 2010). Therefore, the hazel dormouse
is a compelling species to investigate the effects of the LGM on
geographical expansion under a regime of climate change.
Phylogeographic data for the common dormouse within
continental Europe have suggested that lineages from Western
and Eastern populations are relatively divergent, but that
within these clades there is low genetic diversity (Mouton
et al., 2012). While it is understood that genetic data are
sometimes critical to delineate units for conservation (Moritz,
1994; Crandall et al., 2000; Funk et al., 2012), there is no available
information available to describe the genetic biogeography of
the common dormouse in the UK. Thus, while there is a long-
term decline in dormouse populations in the UK precipitating
a national monitoring programme, habitat restoration efforts
and population reintroductions (Bright et al., 2006), information
about regional genetic variation is lacking to inform these efforts
or to monitor the effects, if any, of reintroduction projects.
Our objectives were to (1) provide phylogeographic coverage
of common dormouse populations in the UK relative to its
continental European range; (2) assess the geographical and
temporal patterns of genetic variation within the UK, and
between the UK and continental European populations, and; (3)
assess competing post-glacial expansion hypotheses (EMH vs.
LMH) by estimating the timing of dispersal in this species.
MATERIALS AND METHODS
Sampling Collection
Non-invasive genetic sampling of hair was conducted during
summer nest-box surveys in 2014 and 2015. Samples were stored
in sterile tubes at −20◦C. A total of 125 samples were collected
from 25 populations around the UK (Table 1, Figure 1) and
stored under licenses from Natural England and the UK National
Trust. This sample size is commensurate with current standards
for biogeographical genetic studies with the goal of estimating
long-term divergence of lineages (see Gillespie, 2004; Mouton
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TABLE 1 | Geographic location of sampling sites.
ID Location UK n Haplotype ID Cytb GenBank accession GenBank accession GenBank accession
Cytb D-loop bfibr
Polstead Suffolk 5 Hap38 KP257560 KU312936 KU312944
Bonny Suffolk 5 Hap38 KP257560 KU312936 KU312945
Bradfield* Suffolk 5 Hap39 KP257563 KU312937 KU312946
Priestley* Suffolk 5 Hap39 KP257563 KU312937 KU312947
Bentley Suffolk 5 Hap38 KP257560 KU312936 KU312948
Bulls Suffolk 4 Hap38 KP257563 KU312936 KU312949
Tattingstone Suffolk 5 Hap38 KP257563 KU312936 KU312950
Spring wood Suffolk 4 Hap38 KP257563 KU312936 KU312951
Southend Southend 5 Hap39 KP257560 KU312936 KU312952
Briddlesford Isle of Wight 5 Hap 40 KP257562 KU312940 KU312953
Hatherleigh Devon 1 Hap 41 KP257561 KU312939 KU312954
Castle Drago Devon 5 Hap 41 KP257561 KU312939 KU312955
Blackinstowe Devon 5 Hap 41 KP257561 KU312939 KU312956
Petrockstowe Cornwall 5 Hap 41 KP257561 KU312939 KU312957
Redmoor Cornwall 5 Hap 41 KP257561 KU312939 KU312958
Bugle Cornwall 5 Hap 41 KP257561 KU312939 KU312959
Callow Somerset 5 Hap39 KP257560 KU312935 KU312960
Brooks Shropshire 1 Hap39 KP257560 KU312935 KU312961
Roudsea Cumbria 4 Hap39 KP257560 KU312934 KU312962
Bontuchel North Wales 5 Hap39 KP257560 KU312938 KU312963
Clocaenog North Wales 6 Hap39 KP257560 KU312938 KU312964
Brecknock Mid-Wales 4 Hap39 KP257560 KU312938 KU312965
Siccaridge South Wales 2 Hap39 KP257560 KU312938 KU312966
Bear Foot Gloucestershire 4 Hap39 KP257560 KU312934 KU312967
Wych* Cheshire 5 Hap40 KP257560 KU312934 KU312968
Lamberhurst Kent 5 Hap39 KP257560 KU312934 KU312969
– Lithuania 7 – – KU312932 KU312943
– Belgium 10 – – KU312933 KU312944
n, number of individuals; haplotype ID for Cytb (see Figure 2A) and corresponding GenBank accession numbers for each gene. Reintroduction locations are indicated (*).
et al., 2012). Study sites were chosen to represent the current
natural range of the common dormouse in the UK. Three of our
study sites were from reintroduced populations within the UK
(Table 1) as part of the dormouse reintroduction programme, to
enable us to quantify genetic differentiation, if any, between these
and natural populations. We analyzed UK data we produced
along with previously published sequences available on GenBank
from continental Europe (Mouton et al., 2012) and outgroup
taxa.
DNA Extraction and Sequencing
Total genomic DNA was extracted from hair roots using a
Quick DNA extraction kit (Zymo research, USA) following
the manufacturer’s protocol with the addition of 20µl of
1M dithiothreitol during lysis. A 704 bp fragment of the
mitochondrial Cytochrome b (Cytb) gene was amplified
and sequenced using primers LMA14255 and RMA15192
(Mouton et al., 2012). DNA degradation was an issue affecting
amplification using these primers. Consequently, modified
internal primers from Bentz and Montgelard (1999) were
used (primers MUSCAR_RINTERN/MUSCAR_LINTERN) to
amplify the gene in two fragments of between 300 and 440 bp
from which contiguous sequences were generated to give the
full 704 bp sequence. Additionally we amplified and sequenced
a 506 bp fragment of the D-loop mtDNA (Stacy et al., 1997)
using primers (M15997/H16401) and 550 bp of Intron 7 of
the nuclear gene Beta-Fibrinogen (bfibr) in the same localities
(Table 1) using primers (BFIBR1/BFIBR2) previously used in
closely related species (Seddon et al., 2001).
Amplification was performed in 20-µl PCR reactions,
containing <10 ng of lyophilised DNA, 0.2µM of each primer,
10µl Bioline 2x PCR biomix (Bioline, UK) and Bovine serum
albumin 0.1µg/µl. PCR amplification was performed using a G-
StormGS1 Thermal Cycler, with the following program: 95◦C for
15min; followed by 35 cycles of 95◦C for 30 s, 48◦C (Cytb), 60◦C
(bfibr), or 58◦C (D-loop) for 30 s, and 72◦C for 45 s; and a final
elongation at 72◦C for 10min. Amplified products were cleaned
using ZR DNA sequencing clean-up kit (Zymo Research). DNA
sequencing was then performed using BigDye v3.1 terminator
and run atManchester University DNA Sequencing Facility on an
ABI 3730 48-well capillary DNA Analyser (Applied Biosystems,
California, USA).
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FIGURE 1 | Geographical distribution of the common dormouse,
Muscardinus avellinarius, and samples collected around the UK from
25 sites (125 samples) and haplotype distribution for concatenated
sequences in Figure 2B. Key indicates the genetic grouping of populations
and three reintroduced populations.
Phylogenetic Analysis
Sequences were quality checked and aligned using BIOEDIT 7.2.5
(Hall, 1999) and further analyses were undertaken in MEGA 6.0
(Tamura et al., 2013). The mutational model that best fit the
data was identified using FINDMODEL (Posada and Crandall,
1998). The Maximum-likelihood (ML) trees were constructed
using MEGA 6.0 (Tamura et al., 2013). The robustness of the
trees was assessed by 1000 bootstrap replications (Felsenstein,
1985). A Bayesian phylogeny was produced with MRBAYES
v3.2.1 (Huelsenbeck and Ronquist, 2001). It was run for
100,000,000 generations and Bayesian posterior probabilities
were set at a 50% majority rule consensus of trees sampled
every 1000 generations and the consensus tree was generated in
FIGTREE v1.3.1 (Rambaut, 2009). We consider nodes to be well
supported with bootstrap values >70 (Hillis and Bull, 1993). A
minimum spanning haplotype network was constructed using
NETWORK 4.6.1.2. Bandelt et al. (1999) to examine genetic
structure and geographical distribution of themtDNAhaplotypes
for both Cytb and D-loop. Haplotype (h) and nucleotide (pi)
diversity was estimated using DnaSP 5.10.01 (Librado and Rozas,
2009). Two neutrality test statistics, Tajima’s D and Fu’s Fs,
were also estimated with DnaSP 5.10.01 (Librado and Rozas,
2009). The net distance between groups and average distances
within groups were calculated using MEGA 6.0 (Tamura et al.,
2013).
To estimate how genetic variation was distributed within and
among populations across geographical regions, an analysis of
molecular variance (AMOVA) was performed based on pairwise
differences using ARLEQUIN 3.0 (Excoffier and Lischer, 2010).
AMOVAwas conducted at three hierarchical levels of population
subdivisions: among groups [UK and CNE (Central Northern
Europe) groups]; among populations (sub lineages within the
UK); and within each population. F-statistics was estimated
ARLEQUIN 3.0 (Excoffier and Lischer, 2010) based on mtDNA
sequences (Φ ST) The significance of these parameters was
estimated by 10,000 permutations of the distance matrix.
Divergence Time Estimation
The divergence time of UK populations was calculated using
Bayesian sampling in BEAST 2.1.2 (Bouckaert et al., 2014).
For this analysis we used DNA sequences only for Cytb,
due to sequences being available on GenBank for continental
European dormice (Mouton et al., 2012). This also allowed us to
estimate the time of divergence for other genetic clades found in
continental Europe (Central Northern Europe, Turkey, Balkans
and Western Europe, Belgium). Analyses were performed
under the GTR+G substitution model parameter (estimated
by FINDMODEL), simulated with a substitution rate of 1%
per million years, applying a relaxed log-normal molecular
clock in BEAST 2.1.2 (Bouckaert et al., 2014) The substitution
rate was selected based on previous studies in the common
dormouse (Mouton et al., 2012) and previous studies conducted
in the dormouse family, Gliridae (Montgelard et al., 2003). The
molecular clock was calibrated using prior distributions on the
time to most recent common ancestor (TMRCA) of the UK
clade. The UK clade was given a normal distribution truncated
at lower and upper limits of 7.5 and 18 kya respectively, to
coincide with the presence of the land bridge and the beginning
of the Devensian time period when most temperate species were
thought to disperse into the UK (Montgomery et al., 2014). This
time period spans both the EMH and LMH hypotheses and
was chosen in order to allow us to resolve them. The analyses
were repeated without the prior on the UK clade to test the
effect of the priors on the posterior distributions. All other
settings were defaults provided by BEAST. Two independent
runs were performed with 100,000,000 Markov Chain Monte
Carlo (MCMC) samples every 1000th generation. Convergence
of chains was visualized using TRACER 1.6 (Rambaut and
Drummond, 2013) with a burn-in of the first 10 million
generations.
Demographic Histories
Demographic history was analyzed using mismatch analysis
conducted in ARLEQUIN 3.5 (Excoffier and Lischer, 2010) and
DNASP 5 (Librado and Rozas, 2009) for the UK and compared to
the Central Northern European clade (CNE) (i.e., Mouton et al.,
2012). Multimodal distributions are considered to correspond to
a condition of demographic stability or multiple colonization,
whereas recent sudden population expansions would be observed
by unimodal patterns (Slatkin and Hudson, 1991).
RESULTS
Phylogenetic Analysis and Genetic
Diversity
A total of 704 nucleotide positions of the target Cytb were
resolved in all 125 individuals from around the UK. We
found a total of five haplotypes, four of which are unique to
known European haplotypes (all sequences have been deposited
in GenBank; Table 1, Figure 2A), and all 704 positions were
parsimony informative. We found nucleotide frequencies of 31%
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FIGURE 2 | Haplotype map minimum spanning network. Numbers along the branches correspond to the number of mutational steps observed between
haplotypes, no number is one mutational step, size of the circles correspond to the number of populations for each haplotype. (A) Number for UK haplotypes given in
the circles correspond to Table 1. (B) D-loop haplotypes are colored as found in key. Reintroduction sites in the key relate to * in Table 1 and outgroups are
sequences from Central Northern Europe and Western European haplotypes found in Mouton et al. (2012).
T, 26% C, 28% A, and 15% G. Among samples from England
and Wales nucleotide diversity (pi) was 0.00275 ± 0.00023 per
site (Table 2), marginally lower than the CNE lineage (0.00337
± 0.00707). Haplotype diversity we found was similar to that
reported in continental Europe (UK 0.727 ± 0.052, EU 0.786 ±
0.096).
ML analyses were performed using the GTR + Gamma model
suggested for the data by the Akaike Information Criterion (AIC)
in FINDMODEL. ML (Figure 3) and Bayesian inference tree
showed identical topologies aligning UK dormice as a lineage
close to CNE. The median joining network (Figure 2A) showed
geographical partitioning of UK and CNE populations. In the
cluster of UK haplotypes, only one mutational step was observed
between each population forming geographical groupings of a SE
England, N England and Wales (hap 39), Isle of Wight (hap 40),
SW England (hap 41), and Suffolk (hap 40) (Figures 1, 2A). In
total, UK dormice show a 0.3% genetic difference with mainland
EU. The Cumbria sample (the most northerly extant population
in England) forms a cluster with this central haplotype group.
Haplotype 39 (Table 1) was found in 11 populations and is the
most frequent group sampled in this study that also form a
grouping with CNE clade (Figure 2A).
A 506 bp fragment of D-loop was sequenced for 125
individuals (Table 1). Haplotype diversity (0.8738 ± 0.0035) and
nucleotide diversity (0.0616± 0.0071) were higher than we found
in Cytb (Table 2). Tests for departure from neutrality on both
Cytb and D-loop (Tajima’s D and Fu’s Fs) were significant, (both
P < 0.05), consistent with a recent demographic expansion. The
bfibr (726 bp) nuclear marker was sequenced for all individuals
around the UK, Lithuania and France (no other sequences are
available on GenBank for common dormice). This gene was
found to be monomorphic across all populations in the UK,
however there was divergence between the UK and continental
European populations. As such bfibr and D-loop sequences were
only further analyzed as concatenated sequences along with Cytb.
Concatenated sequence analysis (1760 bp) showed a total of 7
unique haplotypes, and had higher resolution to reveal regional
genetic variation than that of Cytb alone (Figure 2B). This
consists of additional genetic groups in Wales, North England
and South East England, Central England, East England (Suffolk
region), South West England (Devon and Cornwall), and the Isle
of Wight. Phylogenetic analysis indicates a divergence between
the clade containing the UK and CNE samples (Figure 3) with
those from Western Europe. Due to a clustering of CNE and
UK populations, AMOVA analyses only included these two
genetic groups. The AMOVA analysis for Cytb shows most
of the variation is within populations (70.72%, p < 0.001)
however, relatively high (24.62%, p < 0.001) variation between
populations within groups and less variation between groups
(4.66%, p < 0.001) was also observed (Table 3). The AMOVA
for D-loop (Table 3) shows most variation was shown between
populations within populations (75.40, P < 0.001). This indicates
population structuring between sampling locations within the
UK but no significant variation between UK and CNE.
In Cytb and D-loop the reintroduced population of Wych
in North England shows a close grouping with the Isle of
Wight haplotype (Table 1). For Cytb, only one mutation is
observed between sequences as seen in both the ML tree and
haplotype network (Figures 2, 3), whilst for D-loop there are
four mutational steps present (Figure 2B). Samples sequenced
from Suffolk in East England show a close genetic grouping
with each other, especially in the D-loop haplotype network
(Figure 2B). Two populations sampled in Suffolk were part of
a national re-introduction programme and clustered separately
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TABLE 2 | Genetic diversity of Cytb for both the UK and Europe and D-loop for the UK.
Lineage n H pi seπ Hd seHd Taj D Fu Fs
CYTOCHROME B
UK 125 5 0.00275 0.00023 0.728 0.052 -0.11692 -0.821*
Central Northern Europe 21 13 0.00337 0.00707 0.786 0.096 -0.507 -6.318*
D-LOOP
UK 125 8 0.0616 0.0071 0.874 0.035 -0.5758 -0.959*
Number of haplotypes (H), nucleotide diversity (pi), Haplotype diversity (Hd), and the associated standard errors. Neutrality test statistics (Tajima’s D and Fu’s Fs) with significance derived
from 10,000 simulations *P < 0.05.
FIGURE 3 | Maximum-likelihood (ML) topology for concatenated sequences (Cytb, D-loop, and bfibr). The numbers on the branches indicate the bootstrap
values.
from natural populations in Suffolk (by a single mutation). Based
on our Cytb analysis, these reintroduced populations group with
the South East and North England clade (Figure 2A), likely
due to the genetic source of these populations from Southern
England. Based on our D-loop analysis, one reintroduced
Suffolk population (Bradfield) falls into the CE clade and the
second reintroduced population groups with another Suffolk
population (Bonny; Table 1, Figure 2B). The last population is
geographically close (less than 1 km) with available connective
habitat to the population in which it forms a haplotype
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TABLE 3 | Hierarchical distribution of mtDNA using Analysis of Molecular Variance (AMOVA) of Cytb and Dloop (d.f. degrees of freedom, 8 Phist, P =
significance value).
Source of variation d.f. Sum of squares Variance components % variation 8 st P
CYTB
Among groups 1 2.265 0.03610 4.59 0.67263 <0.000
Among populations Within groups 2 2.685 0.16259 20.62
Within populations 21 12.329 0.58711 74.72
Total 24 17.280 0.78580
DLOOP
Among groups 1 15.431 0.05131 10.64 0.76039 <0.000
Among populations Within groups 2 5.227 0.36350 75.40
Within populations 21 2.625 0.0631 13.96
Total 24 23.283 0.47791
connection with (see Figure 2B), but to assess whether there is
evidence of gene flow or whether this is consistent with ancestral
polymorphism, additional data and analysis would be required.
Divergence Time Calculation and
Demographics
Molecular clock analysis was based on the mutation rate for
Cytb previously estimated in the Gliridae (1% per Myr) and
new calibration points for known periods of time when a land
bridge was present between UK and EU between 7,5 and 25
kya at the end of the LGM (Shennan et al., 2000). Based on
these priors, TMRCA estimates show the existing UK dormice
populations originated from a CNE clade around 10.8 kya
(median 95% higher posterior density, HPD), at the end of the
LGM (Figure 4). The 95% HPD estimates range from 8.7 to 14.9
kya and all sampled parameters achieved a minimum effective
samples size (ESS) average of 314. Test runs with alternative
prior distributions did not influence posterior estimates of this
parameter. There is some variation in the estimates in the time
of origin for this split (Figure 4), however the 95% HPD values
fall within the timings of the land bridge being present after the
end of the Younger Dryas period. Our TMRCA estimates for the
divergence Turkey and CNE clades are 22.7–34 kya (median 95%
HPD, 27.9 kya), a time at the end of the LGM as glacial caps were
retreating from Northern Europe. Estimates also place a Balkan
and Turkey clade divergence at 35.6 kya and aWestern European
(Belgium) clade divergence at 65.5 kya. Mismatch distribution
analysis (Figure 5) showed a unimodal distribution for the UK
and CNE indicating a recent, rapid population expansion, which
is consistent with an expansion at the end of the LGM when a
land bridge facilitated dispersal of dormice to the UK.
DISCUSSION
Genetic Structure between UK and
Continental Europe
Here, we present the first evidence of genetic divergence
between UK common dormouse populations and those in
continental Europe. Our sequence analysis of Cytb, in the
context of published data from continental Europe (Mouton
et al., 2012), suggests significant geographic partitioning of sub-
lineages within the UK. Further, it is shown that these UK
lineages are most closely related to populations located in CNE
(Figure 2) and the within-population variation detected here is
similar to that identified within regional subgroups in continental
Europe by Mouton et al. (2012). The nuclear gene bfibr, although
monomorphic in the UK, shows genetic subdivision from
continental Europe with a similar mutational difference to that of
Cytb and D-loop studied here. Comparisons of genetic diversity
for mitochondrial genes observed in the UK are comparable to
that found in the genetic clades of continental Europe which may
be a result of recent genetic divergence in the order of magnitude
in thousands of years. Because the entire mitochondrial genome
is inherited as a unit, sequencing more than one mitochondrial
gene, as we have done, whilst offering more resolution on the
history of the maternal lineage, still represents a single lineage
and thus has some inherent limitations. For this reason the
addition of a nuclear gene in our analysis helps to confirm the
identification of divergence between continental Europe and the
UK. While there is evidence for reciprocal monophyly between
continental European and UK dormice, further study of adaptive
genetic variation in UK dormice is perhaps needed to inform
management of the UK common dormouse as distinct.
Genetic Structure within the UK
We describe the genetic structure of the common dormouse
within the UK for the first time. Here, we present evidence
of regional genetic clustering of populations around the UK
based on mtDNA variation clustering (Figure 3). This regional
variation is possibly explained by gross geographical features; the
UK has several major rivers and uplands in the North, West,
and South of the country which may be important geographical
boundaries leading to the further genetic clustering seen in this
study. Although, the nuclear gene bfibr was monomorphic in our
samples, the allelic sequence variant we report is unique to the
UK.Mitochondrial DNA evolves at a much faster rate (5–10 fold)
and as such mtDNA is more suitable for resolving contemporary
events and defining evolutionary significant units (Wan et al.,
2004). While the extent of regional genetic variation we describe
is modest, it suggests the possibility of local adaptation and
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FIGURE 4 | Maximum clade credibility chronogram of the Cytb dataset. Derived from an analysis in BEAST using the GTR+I+G model and a relaxed clock.
Numbers above indicate median 95% higher posterior density (HPD) values in bold and age ranges below, Node bars also indicate 95% HPD age ranges. Numbers
below branches are Bayesian posterior probabilities (BPPs). Dates in kya, definitions in middle key D-, Devensian period; Y-, Younger Dryas; H-, Holocene period. Blue
highlights period when UK was isolated from continental Europe by rising sea levels. The bottom bar indicates the approximate timings of the two colonization
hypotheses early migration hypothesis (EMH) and late migration hypothesis (LMH).
genetic differentiation which warrants further study at a finer
geographical scale.
The phylogeographic structure we describe contrasts with
that of previous small mammal studies. Other species of small
mammal such as water voles, bank voles, field voles, and pygmy
shrews show distinct population clusters in Scotland, Wales and
Cornwall, or a so-called “Celtic fringe” within the UK (Searle
et al., 2009). This is possibly explained by a two-stage colonization
where the initial colonists were largely replaced by the second
wave, leaving peripheral populations in Northern and Western
areas of the UK. A pattern of single colonization was observed in
dormice. This is possibly explained by the relatively low dispersal
capability of the common dormouse.
Haplotype network analysis shows a clustering between
the Isle of Wight and the reintroduced Wych population in
North England. Based on the geographical distance between
the Isle of Wight and Wych (over 130 km), the relatively
close genetic relatedness of these populations is surprising. The
Isle of Wight island population is relatively isolated off the
south coast of England. However, the Wych population was
reintroduced in 2001, with founding individuals originating
from the Isle of White (pers. comm. Nida al Faluja, PTES). In
Suffolk, the reintroduced populations we studied revealed one
population grouping with natural Suffolk and South East England
populations, suggesting genetic exchange between native and
introduced stock. Thus, our analysis reveals the ability to
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FIGURE 5 | Mismatch analysis of Cytb sequences (704 bp) top, Central
Northern European population (n = 25), bottom UK populations
(n = 125).
pick up the genetic signatures of reintroduced populations
to identify source populations when records are lacking. The
consequences of admixture between lineages must be considered
in genetic management to reduce the risk of losing adaptive
potential of native populations and potential outbreeding
depression in contrast with increasing genetic variation to reduce
inbreeding depression (Frankham et al., 2011; Houde et al.,
2011; Weeks et al., 2011). Further, research integrating ecological
and demographic data and utilizing data from polymorphic
functional genetic markers will aid the investigation of the
potential consequences and to assess present-day gene flow.
Colonization of Mainland UK- Land Bridge
Hypothesis
Single post-glacial colonization into the UK through a Central
North Western European clade is robustly supported in the
haplotype network, Bayesian and ML trees. Molecular clock
analyses timed this around the beginning of the Holocene period,
supporting a late migration of dormice (LMH) along with several
collateral lines of evidence. First, the land bridge “Doggerland”
connecting the UK and mainland Europe was present around the
beginning of the Holocene period. It is thought that Doggerland
landmass had suitable vegetation for dormice dispersal during
the early Holocene period (Mix et al., 2001; Spinney, 2008;
Steffensen et al., 2008) until the formation of the English Channel
approximately 8000 kya (Weninger et al., 2008). A key factor on
colonization events would have been a cold period at the very
end of the last glaciation, the Younger Dryas (11700–12900 kya)
upon which a more temperate period followed (Hewitt, 2004;
Steffensen et al., 2008). Thus, the TMRCA estimate after the
Younger Dryas period is expected. In addition, the earliest dated
dormice fossil remains in the UK from the post ice age period
are from 9000 years ago using radio carbon dating (Montgomery
et al., 2014) concordant with the estimated ranges in this study.
Britain also has a congruent mammal species composition as
found in Belgium and the Netherlands (Montgomery et al.,
2014). Similarly, the Isle of Wight haplotype in southern UK,
was isolated from the mainland around the same period. In total,
these lines of evidence are consistent with the suggestion that
dormice expanded through this land bridge to what is now the
UK after the Younger Dryas period. This study suggests that the
younger Dryas period may be more important than once thought
in the shaping of the current phylogeographic structure in UK
mammalian fauna.
Conservation Implications of Genetic
Structure
The pattern of regional genetic variation of the common
dormouse described here has a direct relevance to conservation
management in the UK. Habitat enhancements can be directly
related to improving connectivity between populations which
were once historically connected. Alternatively, this information
can be used to inform the genetic captive management,
reintroduction or augmentation of species. The program of
reintroduction of common dormice in the UK, in conjunction
with the national Biodiversity Action Plan for the species, has a
goal of both bolstering the quality and size of extant populations
but also restoring additional populations to sites which were
once formerly occupied but have gone locally extinct. There have
been some important successes in these reintroductions; however
the captive born founders for these reintroduced populations
come from stock of heterogeneous origin. This is evidenced
in the results presented here, where the northerly reintroduced
Wych population appears to be genetically discontinuous with
geographically close populations and a similar situation can be
seen in South East England (Suffolk populations). We further
suggest that, because there is no critical overall extinction risk
for the common dormouse, preserving the natural pattern of
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genetic variation observed in natural populations could, and
perhaps should, be considered when reintroducing animals back
into the wild. A second consideration is to explicitly consider the
genetic biodiversity, represented by regional genetic structure,
to understand the possible impacts of gene flow between
these populations managing the risk of losing adaptive genetic
variation via reintroduction itself.
Rising sea levels caused flooding of Doggerland that
historically connected the UK and continental Europe around
7.5 kya, dormice have been isolated and under environmental
change. Thus, the future persistence of the UK dormouse will
be reliant on the phenotypic plasticity or the adaptive genetic
variation available. Dormice in the UK have seen population
declines of around 50% in the last 25 years (Bright et al.,
2006), and have become extinct from many Northern areas
of the UK where they were historically present, a pattern not
observed in the rest of Northern Europe. What is particularly
concerning for threatened species, such as dormice, is climate
change and expanding human populations will lead to increased
fragmentation and hence further isolation of genetic variants,
such as those presented in this study. Variable annual climate
fluctuations are known to affect hibernatingmammal species, due
to food availability upon emergence (Inouye et al., 2000), and
given the relatively low dispersal potential of dormice, genetic
consequences of these climatic changes may be more severe. As
such, if there are further population declines to the UK dormice,
due to the relatively close genetic relationship of a CNE genetic
clade, this may be a suitable source for future reintroductions.
There has been a considerable improvement in our current
knowledge and understanding of the post-glacial expansion of
species and the resulting genetic diversity of species on their
range boundaries. This knowledge should play an important
role in informing policy decisions both at local and national
scales with regards to genetic conservation of species. Another
consideration is that these peripheral populations on the range
boundaries are often referred to as leading-edge populations and
considered to easily become extinct (Hampe and Petit, 2005), it is
considered that conservation efforts should ensure the survival
of these populations as they play a critical role in the future
response to climate change, due to their role in historical range
movements expanding into new habitats and harbor evolutionary
potential to respond to climatic changes (Lesica and Allendorf,
1995). Therefore, we propose that further research is required
in common species such as the dormouse which are at risk or
susceptible to declines. Finally, we recommend that monitoring
programmes take into account not just population demographics
but genetic make-up and predict the evolutionary potential of
species to firstly, diagnose declines faster and secondly, to prevent
further declines in the future.
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